Introduction
Recent surveys have shown the humpback whale (Megaptera novaeangliae) to be the most common large whale in the waters around Newfoundland during summer (Lynch and Whitehead 1984) . These animals are part of the northwest Atlantic stock which winters in the West Indies. In summer, the northwest Atlantic humpbacks are found in nearly discrete feeding substocks off Iceland, west Greenland, Newfoundland-Labrador, and in the Gulf of Maine (Katona et al. 1983) .
Between 1977 and 1980 large numbers of humpbacks were found inshore along the Newfoundland coasts (Whitehead and Lien 1982) . Here they became entrapped in inshore fishing gear, causing considerable economic loss to the fishermen and some mortality to the whales (Lien 1980) . During this period research was carried out on the behaviour, ecology, populations, and migrations of the humpbacks inshore, as well as their interaction with the fishery (e.g., Lien 1980; Whitehead, 'Contribution No. 27 of the Newfoundland Institute for Cold Ocean Science.
'Present address: Biology Department, Dalhousie University, Halifax, N.S., Canada B3H 451. . Since 198 1, humpback abundance inshore along the Newfoundland coasts in summer has returned to the moderate levels of the period 1973-1976. Natural suspects in the search for a cause for this remarkable and destructive incursion were the stocks of capelin (Mallotus villosus), which Mitchell (1973) found to be the humpbacks' major food off Newfoundland. During the summer months mature capelin from four of the five stocks around Newfoundland come inshore to spawn on the beaches (Carscadden 1983) . These mature capelin were found to be a principal target of the feeding humpbacks when inshore (Bredin 1983; . The only capelin stock off Newfoundland which does not come inshore to spawn is that in NAFO (Northwest Atlantic Fisheries Organization) areas 3N and 30; these animals spawn on the Southeast Shoal of the Grand Bank (Carscadden 1983) .
Ship and aeroplane surveys of the offshore Newfoundland areas had shown there to be concentrations of humpbacks offshore, in particular on the Southeast Shoal, which is shown in Fig. 1 (Hay 1983 ; Parsons and Brownlie 198 1). However, no detailed research had been performed on these animals.
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For personal use only. equally abrupt departure in 1981 suggested the need for intensive studies of the whales offshore to clarify the relationships . between the different concentrations in the Newfoundland region. Of particular significance were the humpbacks on the Southeast Shoal. It was important to estimate the population size, investigate to what extent the animals on the Southeast Shoal were those found inshore in previous years and (or) frequented other parts of the northwest Atlantic, and to examine their ecology.
The method of fluke photography, by which humpbacks are individually identified from photographs of the ventral surface of their flukes, provides a convenient way of investigating the populations, migrations, stock segregations, and some aspects of the behaviour of humpback whales (Katona and Whitehead 198 1). In the catalogue compiled by Katona et al. (1980) , over 1000 of the northwest Atlantic humpbacks are identified from fluke photographs, approximately half of which were found off Newfoundland between 1978 and This paper reports on studieslof the humpbacks on the Southeast Shoal of the Grand Bank in the summers of 1982 and 1983 during the period of capelin spawning.
Methods
The 13-m auxiliary ketch Findrinny, with a crew of four or five, was on the Southeast Shoal of the Grand Bank (Fig. 1) for the following three periods: 11 June to 27 June 1982, 2 July to 17 July 1982, and 22 June to 2 July 1983. Approximately 60% of the daylight hours were unavailable for research because of fog and gales.
Findrinny was equipped with a Tracor Transtar satellite navigator, Sitex-Koden Loran C, Decca 60 Radar, and Sirnrad Skipper 603 recording depth sounder. With these instruments positions could be fixed to within 1 nautical mile. Fluke photographs were taken with Canon AEl and AT1 35-mm cameras equipped with 300-mm lenses and Ilford HP5 and Kodak Tri-X black and white film.
During the study a 90 nautical mile transect was made five times across the Southeast Shoal along longitude 50' W, from 43'30' N to 45'00' N (Fig. I) . The transect was carried out four times in 1982 and once in 1983. The transect route was sailed or motored in whichever direction was more convenient. The route was broken for darkness, fog (visibility less than 1800 m), or to study large concentrations of whales. The transect would be resumed at the break point when conditions permitted. The transect is included in the route taken by the aerial surveys of Parsons and Brownlie (198 1) .
While on transect one crew member would keep a watch for whales and dolphins, which were recorded when abeam, together with the time, distance abeam, and any observed activities. The recording depth sounder was left on at standard gain during the transect to record the distribution and abundance of capelin and other possible whale prey. At 10 nautical mile intervals we recorded environmental variables such as wave height, surface sea temperature, and wind speed.
While not on transect the major activity was taking fluke photographs. During this work the groupings in which the photographed humpbacks were found were recorded when feasible and the depth sounder was turned on to examine possible humpback prey. We also kept records of sightings of other species of Cetacea.
During the 1983 study, when conditions permitted, bathythermograph traces were obtained by lowering into the water a weighted thermistor that was connected to a digital temperature display on deck.
Results

Distribution of humpbacks
The information from the transects is summarized in Table  1 and Fig. 2 . The humpbacks were generally found in the Can. J. Zool. Downloaded from www.nrcresearchpress.com by DALHOUSIE UNIVER on 02/27/14 For personal use only. centre of the transect , on the shallowest part of the shoal, where the surface water was warmest. In this area there was also particularly warm water below the thermocline (which was usually at depths between 25 and 30 m) in 1983, as shown by the bathythermograph readings at 40 m below the surface. These readings were between 3.4 and 5.0°C. In contrast, on the deeper parts of the shoal (>56 m) 40-m bathythermograph . readings were between 1.3 and 2.3"C, and in the nearby waters off the edge of the Grand Bank readings ranged between -1.2 and 0.7"C. During the early part of the 1982 study there was a particularly dense concentration of humpbacks near 44" 15' N. Later, as the surface water temperatures warmed, the humpbacks became more spread out, being found further north and in deeper water. The data collected during the 1983 study were consistent with a similar change in distribution having taken place, although mean water temperatures were generally warmer for the time of year.
Sightings of humpbacks while not on transect are given in Fig. 3 . To show effort, the routes taken while not on transect in daylight are given in Fig. 4 . The off-transect humpback sightings present a similar pattern to those found on transect: animals were principally found over the northern part of the Southeast Shoal. On 29 June 1983 several humpbacks were sighted along the edge of the Grand Bank (Fig. 4 ) in a region of very different oceanography (as indicated by very cold deep bathythermograph temperatures and different seabird and dolphin species) from the area of the main humpback concentration on the Southeast Shoal.
Distribution of other Cetacea
Five species of Cetacea other than humpback whales were seen on the Southeast Shoal: finback whales (Balaenoptera physalus), minke (Balaenoptera acutorostrata), white-beaked dolphins (Lagenorhynchus albirostris), saddleback dolphins (Delphinus delphis) , and orcas (Orcinus orca) . The sightings of these species, together with those of unidentified whales and dolphins, are given in Fig. 2 and Table 1 for the transect work and in Fig. 5 for the off-transect work. Can. J. Zool. Downloaded from www.nrcresearchpress.com by DALHOUSIE UNIVER on 02/27/14
For personal use only. One minke whale was sighted on 29 June 1983 on the edge of the Grand Bank.
The white-beaked dolphins had a similar distribution to the finbacks; there were sightings with the humpbacks near the centre of the shoal and others at the southern end of the transect. As with the humpbacks, the density of white-beaked dolphins decreased considerably with date.
Saddleback dolphins were only seen near the southern edge of the Grand Bank on 29 June 1983.
Orcas were sighted once each year on 4 July 1982 and 25 -26 June 1983. In each case they were attacking humpbacks towards the centre of the shoal. These attacks are described in detail by Whitehead and Glass (1985) .
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The depth sounder output from the transects was divided into five grades, depending on the intensity of the prey traces, as shown in Fig. 6 .
The grades at different locations on the transects are shown symbolically in Fig. 2 . Prey traces were particularly strong towards the centre of the shoal, where the water was shallower and warmer (Fig. 2) . There was a marked lack of prey traces on the southern part of the shoal in both years. As with the humpbacks, the concentrations spread out later on in the study.
The only direct indication that these prey traces were made by capelin is that during the last transect in 1982, intense prey traces coincided with areas where dead or dying capelin were seen on the surface. By 15 July 1982 these dead capelin were very numerous, averaging up to an estimated one dead capelin per 100 m2 in some areas.
Research on the Southeast Shoal by capelin biologists strongly suggests that the great majority of our prey traces were made by capelin. Surveys over the shoal were made between 1 and 4 July 1982 (44'20' N to 45'10' N) and 27 June and 2 July 1983 (44'00' N to 45'10' N). During these cruises 99.9% (1982) and 92.8% (1983) of midwater trawl samples made over acoustic targets were found to be capelin, largely from the dominant 1979 year class (Miller and Carscadden 1983; Miller 1984; J. E. Carscadden and D. S. Miller, personal communication) .
The following table gives the rates of sighting humpbacks per nautical mile travelled for the different prey trace grades:
Prey trace grade Nautical miles (Fig. 6) travelled Humpbacks Rate
There is a significant difference between these rates (x2 test, P < 0.005). It is clear that the humpbacks were much more Can. J. Zool. Downloaded from www.nrcresearchpress.com by DALHOUSIE UNIVER on 02/27/14
For personal use only. concentrated over the areas producing the darkest traces. For the other cetacean species there were much less data and no such prominent trends were apparent. The depths of prey under feeding humpbacks, as indicated by the recording depth sounder, are given in Table 2 . Except during one case in each year, the schools were on the bottom and generally occupied the lower half of the water column (beneath 25 m).
Fluke photographs
During the 1982 study 149 individual humpbacks were identified from their fluke photographs. Of these, 24 were photographed on 2 days. In 1983, 1 1 1 individuals were identified, four on 2 days. In neither year were any animals photographed on 3 or more days. Seventeen animals were photographed in both years, giving a total of 243 identified animals from the Southeast Shoal.
Stock identity
The 243 fluke patterns from the Southeast Shoal were compared with 10 10 catalogued by Katona et al. (1980) and 72 individuals photographed off west Greenland during 198 1 (Whitehead, Chu et al. 1982) . There were 29 matches between Southeast Shoal photographs and photographs from the following regions: 12 from Newfoundland and Labrador in previous years, 10 from Puerto Rico, and 7 from Silver and Navidad banks in the West Indies (see Table 3 ). There were no matches from Iceland, west Greenland, Bermuda, or the Gulf of Maine. Thus, the Southeast Shoal humpbacks seem , to be part of the stock that winters in the West Indies and summers off Newfoundland-Labrador. However, as shown in Table 3 , there were less matches between the Southeast Shoal and Newfoundland-Labrador feeding stocks than would be expected were there complete mixing.
This disjunction is shown in more detail in Table 4 , where matches between photographs taken on the Southeast Shoal, off the Newfoundland coast, and off Labrador in 1983 are compared with those taken in different parts of the North Atlantic in previous years. This includes comparisons with photographs taken in 1982 and 1983, which are not yet available for The Southeast Shoal animals had a significantly greater tendency to be found off Puerto Rico than those from the Newfoundland coast or Labrador, suggesting some correlation between summer feeding and winter breeding grounds. However, animals from all areas were found on Silver and . Navidad banks at rates that did not significantly differ from one another.
Population size
The photographic identifications were used as input for the following three mark-recapture methods. (i) Petersen (equations from Seber 1973, p. 60) : This method compares returns during two sampling periods. It assumes that sampling is random in the population during one of the sampling periods and that all animals in the population were available for sampling in this period. It is a robust method and easy to use. (ii) Schnabel (equations from Seber 1973, pp. 13 1 and 133): This of the population size, immigration-birth numbers, and emigration-death rates for each sampling period. It assumes random sampling. It is robust, but produces imprecise estimates.
Estimates of the population on the Southeast Shoal, together with 95% confidence limits, which were calculated using these methods, are given in Table 5 . Petersen estimates were made for the whole study by comparing returns between 1982 and 1983. Petersen and Schnabel estimates were made for the months of June 1982, July 1982, and the complete 1982 study. For these Petersen estimates the divisions between sampling periods were made on 17 June for June 1982, 7 July for July 1982, and 1 July for the whole 1982 study. Seber-Jolly estimates are given for 15 June 1982 and 19-24 June 1982 , the only periods with worthwhile estimates. No satisfactory estimates could be obtained for the 1983 study, when there were only four whales photographed on more than 1 day.
To check the assumptions of the Schnabel estimate, the 1982 data were tested using the multinomial model (Seber 1973, p. 157) . This assumes that all animals were equally likely to be photographed on any day. In Table 6 the 1982 study is divided into three periods, 13 -15 June, 19-24 June, and 3 -15 July, and the number of animals photographed in each pair of intervals is given. Also given are the expected number of animals if the assumptions of the Schnabel estimate held. Although Can. J. Zool. Downloaded from www.nrcresearchpress.com by DALHOUSIE UNIVER on 02/27/14
For personal use only. there is no significant difference between the observed and expected rates ( X 2 = 5.2, 0.1 < P < 0.25), there is an indication that the whales which were present early in the year left to return later.
This mark-recapture analysis suggests that a total population of about 900 humpbacks were using the Southeast Shoal, with roughly half appearing in 1982. In 1982, approximately twice as many were present in June as compared with July (in agreement with the transect data presented in Table 1 ). This compares with an estimated population of approximately 2000 using the Newfoundland-Labrador area, from markrecapture analyses of fluke photograph returns (Whitehead 1982) . particular pairs of humpback whales, other than the mothercalf pair. The feeding behaviour of the humpbacks, as we could see it, was also similar to that observed from humpbacks feeding at comparable depths inshore: approximately 2-3 min at the surface, followed by a "fluke up," with the whale remaining underwater 3-4 min (Bredin 1983; Whitehead 1981) . However, apart from the changes in group size, there was less variation in humpback feeding behaviour during the longer 1982 study than was found inshore over similar time periods (Bredin 1983; Whitehead 198 1) . This is probably because of the remarkably uniform habitat of the Southeast Shoal.
Discussion
The number of humpback whales in the northwest Atlantic
Movements
is thought to number between about 3000 and 6000 animals
We compared the pairs of positions in which the 24 hump- (Katona et al. 1983) . Thus, although the confidence interval is backs photographed on more than 1 day in 1982 were found. wide, our estimate for the population visiting the Southeast Significantly more moved north rather than south (20 north, 4 Shoal (about 900) suggests that it is home to roughly 15-30% south; P < 0.005; mean speed, 0.05 km/h) and west rather of the northwest Atlantic population. However, only about than east (17 west, 7 east; P < 0.05; mean speed, 0.04 km/h).
half of these animals were on the shoal at any time. The others Thus, on average, individual humpbacks were moving slowly may have been scattered on nearby parts of the Grand Banks; northwest over the shoal during 1982. they do not seem to have frequented inshore Newfoundland or
Of the four humpbacks photographed on 2 days in 1983, two Labrador waters to any great extent.
moved north while two made no change in latitude and three Few of the humpbacks on the Southeast Shoal in 1982 and moved east with one making no change in longitude. 1983 were amongst those who appeared in great numbers along
The information given in Table 6 confirms that many of the the Newfoundland coast between 1978 and 1980 and became humpbacks were present on the shoal for periods of weeks. entrapped in inshore fishing gear. Instead, it seems that the animals involved in the conflict with fishermen have dispersed Behaviour
The group sizes in which humpbacks were seen on transect are given in Table 7 . These transect observations will tend to underestimate the group size as whales underwater are not seen and counted. Early in the 1982 study the humpbacks formed particularly large coordinating groups, occasionally of over 40 animals and on 24 June 1983 groups of up to 10 animals were seen. Otherwise, group sizes were similar to inshore studies along the Newfoundland coast, generally one to four animals (Whitehead 1983) .
None of the 48 whales photographed on 2 days during a single season were found grouped with the same companions on both days. Nine pairs of identified whales were photographed on the same day in both 1982 and 1983. However, this number was very close to the expected number (7.4) if there was no tendency for pairs of whales to be photographed on the same day in both 1982 and 1983 (given the days on which they were photographed in 1983). Thus, as Whitehead, Harcourt et al. (1982) found inshore, there is no significant evidence in this study for long-term companionships between themselves along the Newfoundland coast and especially in the waters off Labrador. This agrees with a recent analysis by Whitehead and Carscadden (1985) , who relate the influx of humpbacks inshore to the low abundance of immature capelin in the stock of NAFO areas 25 and 3K. These immature capelin inhabit the waters off Labrador. With low abundance of the 2J3K immatures, the humpbacks moved inshore to feed on the mature capelin spawning along the Newfoundland coast.
Despite the fact that we never saw a humpback eating a capelin, there is strong evidence that capelin were the reason behind the humpbacks' presence on the shoal, particularly the close relationship between humpback distributions and those of the depth sounder traces, which fisheries' surveys concurrent with our research found to almost entirely represent capelin. Additionally, Parsons and Brownlie (1981) found that humpback densities on the shoal were highest in June and July when the capelin in the 3N0 stock are spawning.
The observed changes in the distribution and behaviour of the humpbacks through June and July on the Southeast Shoal are consistent with results from inshore. Prespawning schools Can. J. Zool. Downloaded from www.nrcresearchpress.com by DALHOUSIE UNIVER on 02/27/14
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of capelin that are being preyed on by humpbacks are generally relatively large and compact, whereas after spawning the schools are usually small and dispersed (Bredin 1983) . The group sizes of humpbacks feeding on a particular prey school are closely related to the size of the school, with large numbers of humpbacks feeding in a coordinated fashion on the larger schools, but often feeding singly or in pairs on the smaller (Bredin 1983; Whitehead 1983) . Thus, the gradual dispersal and disintegraton of the large humpback groups through the season on the Southeast Shoal can be related to expected changes in their prey. The particularly large groups found early in the 1982 study may be due to exceptional concentrations of capelin on the shoal at this time. Like the Southeast Shoal animals, the humpbacks inshore moved slowly northwards along the coast as the summer progressed and the water temperature warmed . The much simpler topography of the Southeast Shoal allowed these trends to be identified more easily than inshore.
Our observations strongly suggest that the humpback whale is a major predator and almost certainly the most significant marine mammal predator on the spawning Southeast Shoal capelin.
The results of this study emphasize the importance of the Southeast Shoal and of the capelin which spawn on it in the Grand Bank ecosystem. This region, with its vital food resources, both for man and other higher predators, should be the subject of continued careful biological monitoring. This is especially true given its proximity to the developing Hibernia oil field.
